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A panel of primary syncytium-inducing (SI) human immunodeficiency virus type 1 isolates that infected 
several CD4 + T-cell lines, including MT-2 and C8166, were tested for infection of blood-derived macrophages. 
Infectivity titers for C8166 cells and macrophages demonstrated that primary SI strains infected macrophages 
much more efficiently than T-cell line-adapted HTV-1 strains such as LAI and RF. These primary SI strains 
were therefore dual-tropic. Nine biological clones of two SI strains, prepared by limiting dilution, had macro- 
phage/C8166 infectivity ratios similar to those of their parental viruses, indicating that the dual-tropic pheno- 
type was not due to a mixture of non-SI/macrophage-tropic and SI/T-cell tropic viruses. We tested whether the 
primary SI strains used either Lestr (fusin) or CCR5 as coreceptors. Infection of cat CCC/CD4 cells transiently 
expressing Lestr supported infection by T-cell line-adapted strains including LAI, whereas CCC/CD4 cells 
expressing CCR5 were sensitive to primary non-SI strains as well as to the molecularly cloned strains SF-162 
and JR-CSF. Several primary SI strains, as well as the molecularly cloned dual-tropic viruses 89.6 and GUN-1, 
infected both Lestr + and CCR5 + CCC/CD4 cells. Thus, these viruses can choose between Lestr and CCR5 for 
entry into cells. Interestingly, some dual-tropic primary SI strains that infected Lestr + cells failed to infect 
CCR5 + cells, suggesting that these viruses may use an alternative coreceptor for infection of macrophages. 
Alternatively, CCR5 may be processed or presented differently on cat cells so that entry of some primary SI 
strains but not others is affected. 



Human immunodeficiency virus type 1 (HIV-1) and HIV-2 
strains enter cells by interacting with both CD4 and a corecep- 
tor at the cell surface. Coreceptors are determinants of virus tro- 
pism so that viruses with distinct tropisms use different corecep- 
tors during entry. Recently Lestr (also called fusin) (18, 20, 21, 
24, 31), a member of a large family of G-protein-coupled 
receptors with seven-transmembrane domains including the 
more closely related CC and CXC chemokine receptors (4, 13, 
30, 34-36), has been shown to be a coreceptor for T-cell line- 
adapted HIV-1 strains (19). Several studies have since shown 
that CCR5 acts as a coreceptor for macrophage-tropic non-syn- 
cytium-inducing (NSI) strains (1, 15, 17, 42), although at least 
some NSI strains can use either CCR3 or CCR5 (6). Further- 
more, we and others have shown that individual virus strains can 
be promiscuous, using one of several compatible coreceptors (3, 
16). 

The majority of HIV-1 isolates from infected asymptomatic 
patients display an NSI phenotype and generally fail to infect 
most established CD4 + T-cell lines (2). Primary HIV-1 strains 
that can infect and induce syncytia in T-cell lines can, however, 
be isolated from many patients with AIDS (14, 39). Little is 
known about how this property influences pathogenesis, trans- 
mission, or tropism in vivo. Individuals that yield such strains, 
however, are more likely to suffer a faster disease progression 
(14). In vitro, HIV-1 isolates passaged in and adapted to hu- 
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man CD4 + T-cell lines are likely to evolve into syncytium- 
inducing (SI) strains even if they are NSI to begin with. Such 
adapted viruses usually infect primary macrophages inefficient- 
ly, although some that are more proficient for macrophage in- 
fection have been termed dual-tropic (12, 26, 37). It is less clear 
whether primary strains that can infect T-cell lines in vitro have 
concomitantly evolved a reduced tropism for macrophages. 
Valentin et aL, however, showed that all primary isolates that 
they tested, as well as T-cell line-adapted LAI, infected macro- 
phages at least to some extent (40). Here, we show that a panel 
of SI primary isolates infect primary human macrophages cul- 
tures more efficiently than T-cell line-adapted HIV-1 strains. 
Furthermore, several dual-tropic SI strains were able to use 
either Lestr or CCR5 as coreceptors, in contrast to T-cell line- 
adapted strains, which infected Lestr + cells but not CCR5 + cells. 

MATERIALS AND METHODS 

Cells. Macrophages were prepared from blood monocytes by plastic adher- 
ence as previously described (37). The purity of macrophage preparations was 
tested at the time of infection. Over 99% of cells in macrophage preparations 
stained positive with an anti-CD14 monoclonal antibody (Sigma). Peripheral 
blood mononuclear ceils (PBMCs) were stimulated for 2 days with phytohem- 
agglutinin (0.5 jig/ml) and then cultured in medium with intcrIcukin-2 (20 U/ml). 
CCC S+L— cells stably expressing recombinant human CD4 have been de- 
scribed previously (7, 25). CD4* human T-cell lines used were MT-2 cells (28), 
which are indicator cells for SI strains (22), and C81 66 cells (9), which are used 
to propagate and titrate T-cell line-adapted HIV-1 strains. 

Viruses. LAI (41) and RF (33) are T-cell line-adapted HIV-1 strains. GUN-1 
is also T-cell line adapted but dual-tropic (26, 37). 89.6 is an HIV-1 strain that in- 
fects macrophages but can infect and induce syncytia in certain CD4 + T-cell lines 
and is therefore also dual-tropic (12). SF-162 is an NSI/macrophage-tropic strain 
of HIV-1 (5), while JR-CSF is also NSI yet infects macrophages less efficiently 
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TABLE 1. Infection of the C8166 T-cell line and primary cultures of PBMCs or macrophages by primary HIV-1 isolates 



Infectivity titer (TCID 5( /ml) Ratio, macrophage 

Virus strain SI status — infectivity/C8166 

PBMCs Macrophages C8166 cells cell infectivity 



Primary 












2005 


SI 


NT* 


4.6 x 10 4 


1.3 X 10 5 


0.4 


2006 


SI 


1.3 x 10 3 


4.6 X 10 3 


L3 X 10 2 


35 


2028 


SI 


6.3 X 10 4 


4.4 X 10 3 


2.9 X 10 3 


1.5 


2029 


SI 


63 x 10 3 


5.3 X 10 3 


2.9 X 10 4 


0.2 


2036 


SI 


6.3 X 10 3 


6.4 X 10 2 


2.9 X 10 4 


0.02 


2044 


SI 


3.0 x 10 4 


6.9 X 10 3 


6.3 X 10 4 


0.1 


2053 


SI 


6.3 x 10 3 


3.0 X 10 1 


2.9 X 10 2 


0.1 


2075 


SI 


1.3 x 10 3 


1.5 X 10 3 


1.3 x 10 3 


1.2 


2076 


SI 


3.0 x 10 s 


7.4 X 10 4 


1.3 X 10 5 


0.6 


3028 


SI 


1.3 x 10 3 


2.1 X 10 3 


2.9 x 10 2 


7.2 


M13 


SI 


2.0 X 10 3 


8.5 X 10 2 


1.3 x 10 2 


6.5 


89.6 


SI 


5.0 x 10 3 


6.3 X 10 3 


5.0 X 10 4 


0.1 


E80 


NSI 


2.0 x 10 4 


2.5 X 10 4 


<1.3 x 10 J 


>1.9 x 10 3 


M23 


NSI 


1.3 X 10 1 


1.4 X 10 4 


<1.3 x 10 1 


>L1 X 10 3 


SL-2 


NSI 


3.0 X 10 2 


1.0 X 10 3 


<1.3 X 10 1 


>77 


SL-3 


NSI 


2.9 x 10 1 


5.0 x 10 2 


<1.3 x 10 1 


>38 


SL-4 


NSI 


1.3 x 10 1 


5.0 x 10 2 


<1.3 x 10 1 


>38 


SF162 


NSI 


2.0 X 10 3 


1.8 x 10 5 


<1.3 X 10 1 


>1.3 X 10 4 


T-cell line adapted 










GUN-1 


SI 


NT 


6.0 X 10 4 


4.6 x 10 7 


0.001 


RF 


SI 


6.8 x 10 s 


2.0 x 10 2 


6.4 x 10 s 


3.3 x 10" 7 


LAI 


SI 


2.0 X 10 5 


5.0 X 10 1 


6.4 x 10 7 


7.8 x 10~ 7 


* NT, not tested. 



than SF-162 (23). Primary strains Ml 3, M23, E80, SL-2, SL-3, and SL-4 were iso- 
lated at St. Mary's Hospital, London, England. SL-2, SL-3, and SL-4 were from 
asymptomatic patients from Thailand. M13, M23, and E80 were from British pa- 
tients attending the St. Mary's Hospital STD clinic Isolates 2005, 2006, 2028, 
2029, 2036, 2044, 2053, 2075, 2076, and 3028 were made at Addcnbrookc's Hos- 
pital, Cambridge, England, from patients whose CD4+ blood cell counts were 
less than 190 cells mm -3 except for the patients from whom isolates 2076 and 3028 
were derived; these individuals had CD4 counts of 400 and 328, respectively. Iso- 
lates 2005, 2029, and 2036 were from patients with AIDS. Isolates made in Cam- 
bridge were from patients registered in Birmingham (2006), HuD (2005 and 2075), 
London (2036, 2044, 2053, and 2076), and Portsmouth (2V)28 and 2029), England, 
and Uganda (3028). All isolates were of subtype B except for 3028, M13, M23, 
and E80, which were unclassified. Isolates were cultured from phytohemagglu- 
tinin-interleukin-2-stimulated PBMCs derived from the peripheral blood of in- 
fected individuals. Freshly cultured PBMCs from IHV-ncgativc donors were 
added every 4 to 8 days. Supernatants were harvested twice weekly and screened 
for p24 antigen. Positive supernatants were aliquoted and stored in liquid nitro- 
gen. All primary strains were minimally passaged in PBMCs to prepare virus stocks. 

Biological clones of viruses were made by limiting dilution. Fivefold dilutions 
of virus supernatant were added to PBMC cultures on 96-weIl frays. Virus was 
rescued and propagated from p24 + wells, of which less than 10% of wells per tray 
were positive. Plasmid DNA containing molecularly cloned virus was trans feu ted 
directly into either PBMCs or C8166 cells by using Lipofectamine (Gibco BRL) 
as indicated by the manufacturer before preparation of virus stocks. 

Infectivity assays. Macrophages and PBMCs were infected with appropriate 
HIV-1 strains 5 to 6 days after establishment as cultures. Macrophages were 
exposed to half-log dilutions of virus for 2 h, washed once, and cultured in RPMI 
1640 containing 10% human scrum and 5% fetal calf scrum for 21 days. Each 
virus strain was tested for infection of three batches macrophages prepared from 
separate donors. PBMCs and C8166 cells were adhered to plastic with poIy-L- 
lysinc for 1 h, infected for 2 h, washed, and overlaid with growth medium 
containing low-viscosity (3 mg/ml) and high-viscosity (3 mg/ml) carboxym ethyl- 
cellulose. C8166 cells were cultured for 7 days and PBMCs were cultured for 9 
days before immunostaining for p24 antigen as previously described (8). 

Transient expression of Lestr and CCRS on CCC/CD4 cells. Three and a half 
micrograms of plasmid pcDNA3.1 plasmid (Invitrogen) containing cDNA clones 
of either Lestr and CCR5 was transfected into CCC/CD4 cat ceils, using Lipo- 
fectamine as described above. A total of 7.5 x 10 4 transfected cells were chal- 
lenged for virus infection 48 h later. 

RESULTS 

Infectivity of primary SI, NSI, and T-cell line-adapted HIV-1 
strains for CD4 + T-cell lines and for PBMC and macrophage 
cultures. Eleven primary SI and five NSI HIV-1 isolates were 



assayed for infection of the CD4^ T-cell line C8166 as well 
as primary PBMC and macrophage cell cultures. T-cell line- 
adapted strains RF and LAI were tested for comparison, as 
was the T-cell line-passaged dual- tropic strain GUN-1. SF-162 
and 89.6 were also included as well-characterized, molecularly 
cloned NSI/macroph age-tropic and Sl/dual-tropic strains, re- 
spectively (5, 12). All primary SI and T-cell line-adapted SI 
strains replicated and induced syncytia in MT-2 cells, whereas 
none of the NSI strains did (data not shown). Table 1 shows 
virus infectivity titers (50% tissue culture infective doses 
[TCID 50 ]) for each cell type. Infectivity titers on primary mac- 
rophages were compared with those on C8166 cells and ex- 
pressed as a ratio for each virus strain tested. T-cell line- 
adapted strains RF and LAI infected PBMCs and C8166 cells 
to high titers but did not to infect macrophages efficiently. 
Macrophage/C8166 infectivity ratios for these viruses are 
therefore very low (3.3 X 10~ 7 to 7.8 X 10~ 7 ). All primary SI 
isolates infected PBMCs and C8166 cells and showed variation 
in the capacity to infect macrophages, as illustrated by their 
macrophage/C8166 infectivity ratios, which varied from 0.02 to 
35. However, all ratios for primary SI viruses were several 
orders of magnitude higher than ratios for T-cell line-adapted 
viruses. Thus, primary SI strains are consistently more efficient 
for macrophage infection than T-cell line-adapted viruses. 
Some isolates, e.g., 2005 and 2076, infect both C8166 cells and 
macrophages efficiently and are thus dual-tropic, whereas oth- 
ers, e.g., 2053, infect macrophages only to levels similar to 
those of LAI (Table 1). Such strains, however, are more mac- 
rophage-tropic than LAI since they yield lower titers on PB- 
MCs and C8166 cells. Each of the six NSI strains, including 
SF-162, replicated more efficiently in macrophages than in 
PBMCs. The differences between primary SI and T-cell line- 
adapted SI strains was also apparent when we plotted macro- 
phage/PBMC infectivity ratios (Fig. 1). Such ratios for four of 
six primary NSI strains were highest, suggesting that these 
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FIG. 1. Macrophage/PBMC infectivity ratios for primary and T-cell line-adapted HIV-1 strains. HIV-1 infectivity titers for primary macrophage and PBMC cultures 
(taken from Tabic 1) were used to calculate macrophage PBMC infectivity ratios, which are plotted for each HIV-1 isolate used. 



strains were the most tropic for macrophages (however, see 
Discussion). 

Biological and molecular clones of primary SI strains are 
dual-tropic. As the dual-tropism of some of the primary SI 
isolates could be due to a mixture of viruses with different 
phenotypes within a single isolate, two of the dual-tropic iso- 
lates were biologically cloned by limiting dilution (see Materi- 
als and Methods). Table 2 shows the titers for five clones of 
2076 and four clones of 2005. In all cases, the cloned viruses 
retained the parental dual-tropic phenotype, strongly suggest- 
ing that their dual-tropic phenotype does not result from a 
mixture of macrophage-tropic NSI and T-cell tropic SI viruses. 
It therefore seems likely that the dual-tropic/SI phenotypes of 
89.6 and GUN-1 viruses, which are derived from molecular 
DNA clones, are more representative of primary SI isolates 
than are T-cell line-adapted LAI and RF. 

Coreceptors used by primary SI viruses. Recently Lestr (19) 
and the chemokine receptor CCR5 (1, 15, 17), members of the 
extensive family of seven-transmembrane, G-protein-coupled 
receptors, have been identified as coreceptors for SI, T-cell 
line-adapted HIV-1 strains and NSI, macrophage-tropic vi- 
ruses, respectively. We tested whether either of these corecep- 



TABLE 2. Infectivity of biological clones made from 
HIV-1 primary SI isolates 



Virus 
isolate 


Infectivity titer 
(TCID 50 /ml) 

Macrophages Gil 66 cells 


Ratio, macrophage 
infectivity/C8l66 
cell infectivity 


2076 








Parental 


7.4 X 10* 


1.3 x 10 s 


0.6 


Clones 








1 


8.0 X 10 4 


3.6 X 10 5 


0.2 


2 


8.0 x 10 3 


Z6 X 10 3 


3.0 


3 


5.0 X 10 3 


8.0 X 10 3 


0.6 


4 


1.1 X 10* 


3.6 x 10 3 


0.3 


5 


3.6 X 10 4 


1.6 X 10 5 


0.2 


2005 








Parental 


4.6 x 10 4 


1.3 x 10 5 


0.4 


Clones 








1 


1.6 x 10 3 


5.0 X 10 4 


0.03 


2 


1.1 x 10 3 


3.6 x 10 3 


0.3 


3 


2.6 X 10 2 


1.6 X 10 3 


0.16 


4 


1.1 X 10 3 


8.0 X 10 3 


0.14 



8358 



SIMMONS ET AL. 



J. Virol. 



Primary NSI/macrophage-tropic strains 



SF162 




1000 
100 
10- 



JR-CSF 



1000 
100- 
10 



E80 



T-cell line adapted strains 
LAI rf 

»0-| 1000-j 

oo- gjj too- 39 

io- SB io- B| 

i-h F*H 1- l-L, r 



Primary SI dual-tropic strains 



M13 




1000 
100 
10- 

1- 



2076 




1000 
100 - 
10- 

1 ■ 

1000' 
100- 
10- 



2028 



2076 CLONE I 




2044 



2036 



1000 -J 
100 
10 



SL-2 



GUN-1 




2006 




1000 
100 
10 



2076 CLONE2 




2005 



100 - mi loo- loo- BH ico- raa 

B 10 | ••- ■ ">- ff 

1 r - ^ r i-h r i~S 1- i-*t r 

FIG. 2. Infection oi CCC/CD4 cat cells expressing either Leslr or CCR5 by primary NSI and SI HIV-1 strains. Two hundred to 1,000 TCID 50 for PBMC or 
macrophages (whatever was highest) was added to 7.5 X 10 4 CCC/CD4 cells expressing either Lestr or CCR5. The number of infected cells, estimated following 4 days 
culture and immunostaining for p24, is shown for each transfectant. Untransfected CCC/CD4 cells were resistant to infection by all strains tested. 
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tors functioned for primary dual-tropic SI viruses. Lestr or 
CCR5, cloned into the expression plasmid pcDNA3.1, was 
transiently expressed in CCC/CD4 cells following transfection 
of plasmid DNA by Lipofectamine. CCC/CD4 cells are resis- 
tant to HIV-1 but permissive to entry and productive replica- 
tion by several T-cell line-adapted HIV-2 strains (7, 25). Forty- 
eight hours after transfection, the CCC/CD4 cells were 
challenged with seven primary SI viruses and three primary 
NSI viruses as well as by standard T-cell line-adapted viruses 
and viruses derived from molecular clones (NSI strain JR-CSF 
[23], NSI/macrophage-tropic strain SF-162 [5], and the dual- 
tropic SI strains 89.6 [12] and GUN-1 [38]). After 4 days of 
incubation, cells were fixed and stained for p24 antigen as 
described in Materials and Methods. Figure 2 shows that T-cell 
line-adapted viruses LAI and RF infected only Lestr + CCC/ 
CD4 cells, whereas primary NSI viruses M23, E80, SL-2, 



and SF-162 infected only CCR5+ CCC/CD4 cells. In contrast, 
four of the primary dual-tropic SI viruses, 2006, M13, 2028, 
and 2076 (as well as three biological clones of 2076), infected 
both Lestr + and CCR5 + CCC/CD4 cells. Furthermore, the 
two dual-tropic viruses derived from molecular DNA clones 
(GUN-1 and 89.6) also infected both Lestr + and CCR5 + CCC/ 
CD4 cells. Thus, these primary SI strains of HIV-1 are dual- 
tropic and can use either Lestr or CCR5 as coreceptors. Inter- 
estingly, three other primary SI strains (2044, 2036, and 2005), 
each of which infected macrophage cultures (Table 1), infected 
only Lestr"" CCC/CD4 cells and not CCR5 + CCC/CD4 cells. 

DISCUSSION 

HIV-1 strains that have been passaged extensively in CD4**" 
T-cell lines, e.g., LAI and RF, usually infect primary macro- 
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phage cultures inefficiently (11, 37). Here, we tested whether 
macrophage infection by primary SI isolates was comparable to 
that of T-cell line-adapted strains, i.e., whether the SI pheno- 
type correlated with inefficient infection of macrophages. Our 
results indicate that macrophage infection by primary SI 
strains is highly variable but that all strains tested infected 
macrophages more efficiently than the T-cell line-adapted 
strains LAI and RF. Macrophage infection by the six NSI 
strains tested was also highly variable (Table 1), yet in contrast 
to the SI strains, these viruses consistently infected macro- 
phages more efficiently than PBMC cultures (Fig. 1). Our study 
therefore suggests that efficiency of macrophage replication 
follows the order primary NSI > primary SI >> T-cell line- 
adapted SI strains. Yet, it is likely that the titers for NSI/ma- 
crophage-tropic viruses recorded on PBMC cultures are arti- 
ficially low as a result of inhibitory chemokines, e.g., RANTES, 
produced by lymphocytes (10, 17, 32), thus overestimating the 
macrophage-tropism of such strains. 

The strain differences reported above are attributable at 
least in part to differences in coreceptor usage. We transiently 
expressed either Lestr or CCR5 on CCC/CD4 cat cells and 
tested for infection by representative NSI and SI primary 
strains. CCC/CD4 cells resist HIV-1 infection but are fully 
permissive to productive replication by several HIV-2 strains 
(25). Our results show clearly that dual-tropic viruses derived 
from DNA molecular clones as well as several primary SI 
viruses (M13, 2028, 2006, and 2076) use either Lestr or CCR5. 
In contrast, T-cell line-adapted HIV-1 strains infected Lestr + 
cells only and NSI strains infected CCR5"*~ cells only, as pre- 
viously reported (1, 15, 17, 19). Some primary SI strains (2005, 
2036, and 2044) that infected macrophages (Table 1) infected 
Lestr + CCC/CD4 cells but not CCR5+ CCC/CD4 cells. Pre- 
sumably these strains use a coreceptor different than CCR5 for 
infection of macrophages. However, at this stage we cannot 
exclude the possibility that CCR5 is differently presented or 
processed on CCC/CD4 cells so that entry of some strains but 
not others is affected. 

We were concerned that the dual-tropic phenotype of pri- 
mary SI strains could be caused by a mixture of NSI/macro- 
phage-tropic and SI/T-cell tropic strains in the original isolate. 
However, biological clones prepared from two primary SI 
strains each maintained a dual-tropic phenotype for macro- 
phages and T-cell lines (Table 1). Clones derived from isolate 
2076 infected both Lestr"" and CCR5"* CCC/CD4 cells, 
whereas clones derived from 2005 infected only Lestr"*" CCC/ 
CD4 cells. Thus, each biological clone retained the phenotype 
of the parental virus. These observations, including infection of 
either Lestr + or CCR5" K CCC/CD4 cells by the 2076 subclones 
and by the GUN-1 and 89.6 molecular clones, show that at 
least some HIV-1 strains can use more than one coreceptor 
and can choose between compatible coreceptors for entry. 
Indeed, recently we demonstrated that the HIV-2 ROD enve- 
lope glycoproteins could use a number of CC and CXC che- 
mokine receptors to induce cell-cell fusion of CD4 + cells, 
although only some supported efficient cell-free virus entry (3). 

The difference between T-cell line-adapted strains and pri- 
mary SI strains described above is likely to be caused by selec- 
tion against CCR5 use by extensive in vitro passage in Lestr+ 
CCR5~ T-cell lines. Most CD4 + T-cell lines used for in vitro 
passage of HIV resist infection by primary NSI strains and are 
thus likely to express lower levels of CCR5 or no CCR5 (35). 
Extensive passage of SI strains in such lines is therefore likely 
to select for more efficient use of Lestr against CCR5 for virus 
entry. 

Our results show conclusively that Lestr can also act as a 
coreceptor for primary SI viruses. Every primary SI virus tested 



infected Lestr* CCC/CD4 cells. Lestr is thus likely to play an 
important role in HIV-1 pathogenesis and in the rapid decline 
of CD4 + T-cells that occurs after emergence of SI strains in 
vivo. SI strains can be isolated from only about 50% of patients 
with AIDS, and it will therefore be interesting to investigate 
whether a change in coreceptor use might also occur for rapid/ 
high NSI viruses prevalent in these patients (14). 

The discovery of the nature of coreceptors for HIV-1 entry 
opens up the possibility of designing inhibitors to block their 
interaction with HIV envelope glycoproteins. RANTES, MIP- 
lex, and MIP-10 all bind to CCR5 and block entry of NSI/ 
macrophage- tropic HTV-1 strains (10). Furthermore, lympho- 
cytes from multiply exposed yet HIV-seronegative individuals 
produce high levels of these chemokines (32). RANTES, MIP- 
la, and MIP-ip, however, are not specific for CCR5 and bind 
other chemokine receptors too (4, 13, 30, 34, 36). Recently, we 
reported that a monoclonal antibody (12G5) that recognizes 
Lestr but not other chemokine receptors blocked fusion of 
T-cell line-adapted HTV-1 strains with some Lestr + cells but 
not others (27). Either alternative unidentified coreceptors 
allowed escape from 12G5 or Lestr might be processed or 
presented differently to enable escape from 12G5 blocking. 
Whatever the reason, these observations indicate that design 
of inhibitors directed to specific chemokine or coreceptor mol- 
ecules for HIV inhibition is a new challenge. 

ACKNOWLEDGMENTS 

We thank Aine McKnight, Laurent Picard, Simon Talbot, Sandra 
Potempa, Yasu Takeuchi (Chester Beatty Laboratories, London), 
Romke Bron, P. J. Klasse, Mark Marsh (LMCB, UCL, London), and 
Jim Hoxie (University of Pennsylvania, Philadelphia) for valuable dis- 
cussion. We are grateful to Yasu Takeuchi (Chester Beatty Laborato- 
ries), and Nobu Shimizu and Hiroo Hoshino (both at the Gunma 
University Medical School, Japan), who kindly provided HIV-1 GUN- 
1, and to Ronald Collman (University of Pennsylvania, Philadelphia) 
for the 89.6 strain. Many of the primary HIV-1 isolates used here and 
provided by Addenbrooke's Hospital were made from blood samples 
collected by members of the UK HIV molecular epidemiology group; 
P. Dore (Kingston General Hospital, Hull), M. Johnson (Royal Free 
Hospital, London), M. Shamanesh (General Hospital, Birmingham), 
J. Tobin (St. Mary's Hospital, Portsmouth), and R. Young (Uganda 
Virus Research Institute, Entebbe, Uganda). We also thank the Med- 
ical Research Council (MRC) AIDS Reagent Project for supply of 
many reagents used in this study, which itself was supported by the 
MRC. 

REFERENCES 

1. AJkhatib, G., C. Combadicre, C. C. Broder, Y. Feng, P. E. Kennedy, P. M. 
Murphy, and E. A. Berger. 1996. CC CKR5: a RANTES, MIP-la, MIP-lp 
receptor as a fusion cofactor for macrophagc-tropic IIIV-1. Science 272: 
1955-1958. 

2. Asjo, B., L Morfeldt Manson, J. Albert, G. Binerfeld, A. Karlsson, K. 
Lidman, and E. M. Fenyo. 1986. Replicative capacity of human immunode- 
ficiency virus from patients with varying severity of HIV infection. Lancet 
ii:660-662. 

3. Bron, R, P. J. Klasse, D. Wilkinson, A. Pelch en-Matthews, p. R Clapham, ' 
C Powers, T. Wells, J. Hoxie, and M. Marsh. 1996. Unpublished data. 

4. Chaudhuri, A., V. Zbrzezna, J. Polyakova, A. O. Pogo, J. Hesselgesser, and 
R Horuk. 1994. Expression of the Duffy antigen in K562 cells. Evidence that 
it is the human erythrocyte chemokine receptor. J. Biol. Chcm. 269:7835- 
7838. 

5. Cheng Mayer, C, C. Weiss, D. Seto, and J. A. Levy. 1989. Isolates of human 
immunodeficiency virus type 1 from the brain may constitute a special group 
of the AIDS virus. Proc. Natl. Acad. Scl USA 86:8575-8579. 

6. Choe, H M M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P. D. Ponarth, L. Wu, 
C. R Mackay, G. La Rosa, W. Newman, N. Gerard, C. Gerard, and J. 
Sodroski. 1996. The B-chemokine receptors CCR3 and CCR5 facilitate 
infection by primary HIV-1 isolates. Cell 85:1135-1148. 

7. Clapham, P. R, D. Blanc, and R A. Weiss- 1991. Specific cell surface 
requirements for the infection of CD4-positivc cells by human immunode- 
ficiency virus types 1 and 2 and by Simian immunodeficiency virus. Virology 
181:703-715. 



8360 SIMMONS ET AL. 



J. Virol. 



8. Clapham, P. R., A. Mc Knight, and R. A. Weiss. 1992. Human immunodeii- 
ciency virus type 2 infection and fusion of CD4-negative human cell lines: 
induction and enhancement by soluble CD4. J. Virol. 66:3531-3537. 

9. Clapham, P. R., R. A. Weiss, A. G. Dalgleish, M. Exley, D. Whitby, and N. 
Hogg. 1987. Human immunodeficiency virus infection of monocytic and 
T-lymphocytic cells: receptor modulation and differentiation induced by 
phorbol ester. Virology 158:44— 51. 

10. Cocchi, F., A. L. De Vico, A. Garzino-Demo, S. K. Arya, R. C. Gallo, and P. 
Lusso. 1995. Identification of RANTES, MIP-1 alpha, and MIP-1 beta as the 
major IITV-supprcssivc factors produced by CD8+ T cells. Science 270: 
1811-1815. 

11. Collins, M. f P. Illei, W. James, and S. Gordon. 1994. Definition of the range 
and distribution of human immunodeficiency virus macrophage tropism us- 
ing PCR-based infectivity measurements. J. Gen. Virol. 75:1597-1603. 

12. Collman, R., J. W. Balliet, S. A. Gregory, H. Friedman, D. L. Kolson, N. 
Nathanson, and A. Srinivasan. 1992. An infectious molecular clone of an 
unusual macrophage-tropic and highly cytopathic strain of human immuno- 
deficiency virus type 1. J. Virol. 66:7517-7521. 

13. Combadiere, C, S. K. Ahuja, and P. M. Murphy. 1995. Cloning and func- 
tional expression of a human eosinophil CC chemokinc receptor. J. Biol. 
Chem. 270:16491-16494. 

14. Connor, R. I., and D. D. Ho. 1994. Human immunodeficiency virus type 1 
variants with increased replicative capacity develop during the asymptomatic 
stage before disease progression. J. ViroL 68:4400-4408. 

15. Deng, H. K., S. Choe, W. Ellmeier, R. Liu, D. Unutmaz, M. Burkhart, P. di 
Marzio, S. Marmon, R. E. Sutton, C. M. Hill, C. Davis, S. C Peiper, T. J. 
Schall, D. R. Littman, and N. R. Landau. 1996. Identification of a major 
co-receptor for primary isolates of HIV-1. Nature (London) 381:661-666. 

16. Doranz, B. J., J. Rucker, V. Yi, R. J. Smyth, M. Samson, S. C. Peiper, M. 
Parmentier, R. G. Collman, and R. W. Doms. 1996. A dual-tropic primary 
HIV-1 isolate that uses fusin and the p -chemokine receptors CKR-5, CKR-3, 
and CKR-2b as fusion cofactors. Cell 85:1149-1158. 

17. Dragic, T., V. Li twin, G. P. AJlaway, S. Martin, Y. Huang, K. A. Nagashima, 
C. Cayanan, P. J. Maddon, R. A. Koup, J. P. Moore, and W. A. Paxton. 1996. 
HIV-1 entry into CD4 + cells is mediated by the chemokine receptor CC- 
CKR-5. Nature (London) 381:667-673. 

18. Federsppiel, B. t I. G. Melhado, A. M. Duncan, A. Delaney, K. Schappert, I. 
Clark Lewis, and F. R. Jirik. 1993. Molecular cloning of the cDNA and 
chromosomal localization of the gene for a putative seven -transmembrane 
segment (7-TMS) receptor isolated from human spleen. Genomics 16:707- 
712. 

19. Feng, Y., C. C. Broder, P. E. Kennedy, and E. A. Berger. 1996. HIV-1 entry 
cofactor: functional cDNA cloning of a sevcn-lransmembrane, G protein- 
coupled receptor. Science 272:872-877. 

20. Herzog, H., Y. J. Hort, J. Shine, and L. A. Selbie. 1993. Molecular cloning, 
characterization, and localization of the human homolog to the reported 
bovine NPY Y3 receptor: lack of NPY binding and activation. DNA Cell. 
Biol. 12:465-471. 

21. Jazin, E. E., H. Yoo, A. G- Blomqvist, F. Yee, G. Weng, M. W. Walker, J. 
Salon, D. Larhammar, and C. Wahlestedt. 1993. A proposed bovine neu- 
ropeptide Y (NPY) receptor cDNA clone, or its human homologue, confers 
neither NPY binding sites nor NPY responsiveness on transfected cells. 
Regul. Peptides 47:247-258. 

22. Koot, M., A. H. Vos, R. P. Keet, R. E. de Goede, M. W. Dercksen, F. G. 
Terpstra, R. A. Coutinho, F. Miedema, and M. Tersmette. 1992. HIV-1 
biological phenotype in long-term infected individuals evaluated with an 
MT-2 cocultivation assay. AIDS 6:49-54. 

23. Koyanagi, Y., S. Miles, R. T. Mitsuyasu, J. E. Merrill, H. V. Vinters, and I. S. 
Chen. 1987. Dual infection of the central nervous system by AIDS viruses 
with distinct cellular tropisms. Science 236:819-822. 

24. Loetscher, M., T. Geiser, T. O'Reilly, R. Zwahlen, M. Baggiolini, and B. 
Moser. 1994. Cloning of a human seven -transmembrane domain receptor, 
LESTR, that is highly expressed in leukocytes. J. Biol. Chem. 269:232-237. 



25. McKnight, A., P. R. Clapham, and R. A. Weiss. 1994. IIIV-2 and SIV 
infection of nonprimate cell lines expressing human CD4: restrictions to 
replication at distinct stages. Virology 201:8-18. 

26. McKnight, A., R. A. Weiss, C. Shotton, Y. Takeuchi, H. Hoshino, and P. R. 
Clapham. 1995. Change in tropism upon immune escape by human immu- 
nodeficiency virus. J. Virol. 69:3167-3170. 

27. McKnight, A., D. Wilkinson, G. Simmons, L. Picard, S. J. Talbot, M. Marsh, 
J. A. Hoxie, and P. R. Clapham. 1996. Unpublished data. 

28. Miyoshi, I., I. Kubonishi, S. Yoshimoto, T. Akagald, Y. Ohtsuki, Y. Shiraishi, 
K. Nagaki, and Y. Hinuma. 1981 . Type C virus particles in a cord T-cell line 
derived by co-cultivating normal human cord leukocytes and human lcukac- 
mic T cells. Nature (London) 294:770-771. 

29. Nara, P. L-, and P. J. Fiscbinger. 1988. Quantitative infectivity assay for 
HIV-1 and -2. Nature (London) 332:469-470. 

30. Neote, K., D. DiGregorio, J. Y. Mak, R. Horuk, and T. J. Schall. 1993. 
Molecular cloning, functional expression, and signaling characteristics of a 
C-C chemokine receptor. Cell 72:415-425. 

31. Nomura, H., B. W. Nielsen, and K. Matsushima. 1993. Molecular cloning of 
cDNAs encoding a LD78 receptor and putative leukocyte chemotactic pep- 
tide receptors. Int. Immunol. 5:1239-1249. 

32. Paxton, W. A., S. R. Martin, D. Tse, T. R. O'Brien, J. Skurnick, N. L. Van 
Devanter, N. Padian, J. F. Braun, D. P. Kotler, S. M. Wolinsky, and R. A. 
Koup. 1996. Relative resistance to HIV-1 infection of CD4 lymphocytes from 
persons who remain uninfected despite multiple high-risk sexual exposure 
Nat. Med. 2:412-417. 

33. Popovic, M., M. G. Sarngadharan, E. Read, and R. C. Gallo. 1984. Detec- 
tion, isolation, and continuous production of cytopathic retroviruses (HTLV- 
III) from patients with AIDS and pre-AIDS. Science 224:497-500. 

34. Power, C. A., A. Meyer, K. Nemeth, K. B. Bacon, A. J. Hoogewerf, A. E. 
Proud foot, and T. N. Wells. 1995. Molecular cloning and functional expres- 
sion of a novel CC chemokine receptor cDNA from a human basophilic cell 
line. J. Biol. Chem. 270:19495-19500. 

35. Raport, C. J., J. Gosling, V. L. Schweikart, P. W. Gray, and I. F. Charo. 1996. 
Molecular cloning and functional characterization of a novel human CC 
chemokine receptor (CCR5) for RANTES, MIP-la and MIP-1 p J Biol 
Chem. 271:17161-17166. 

36. Samson, M-, O. Labbe, C. Mollereau, G. Vassart, and M. Parmentier. 1996. 
Molecular cloning and functional expression of a new human CC-chemokine 
receptor gene. Biochemistry 35:3362-3367. 

37. Simmons, G., A. McKnight, Y. Takeuchi, H. Hoshino, and P. R. Clapham. 
1995. Cell-to-cell fusion, but not virus entry in macrophages by T-cell line 
tropic HIV-1 strains: a V3 loop-determined restriction. Virology 209*696- 
700. 

38. Takeuchi, Y., M. Akutsu, K. Murayama, N. Shimizu, and H. Hoshino. 1991. 
Host range mutant of human immunodeficiency virus type 1: modification of 
cell tropism by a single point mutation at the neutralization epitope in the 
env gene. J. Virol. 65:1710-1718. 

39. Tersmette, M., R. E. de Goede, B. J. Al, I. N. Winkel, R. A. Gruters, H. T. 
Cuypers, H. G. Huisman, and F. Miedema. 1988. Differential syncytium- 
inducing capacity of human immunodeficiency virus isolates: frequent de- 
tection of syncytium-inducing isolates in patients with acquired immunode- 
ficiency syndrome (AIDS) and AIDS-related complex. J. Virol. 62:2026- 
2032. 

40. Valentin, A., J. Albert, E. M. Fenyo, and B. Asjo. 1994. Dual tropism for 
macrophages and lymphocytes is a common feature of primary human im- 
munodeficiency virus type 1 and 2 isolates. J. Virol. 68:6684-6689. 

41. Wain Hobson, S., J. P. Vartanian, M. Henry, N. Chenciner, R. Cheynier, S. 
Delassus, L. P. Martins, M. Sala, M. T. Nugeyre, D. Guetard, D. KJatzroann, 
J.-C Gluckmann, W. Rosenbaum, F. Barre-Sinoussi, and L» Montagnier. 
1991. LAV revisited: origins of the early HIV-1 isolates from Institut Pas- 
teur. Science 252:961-965. 

42. Weiss, R. A., and P. R. Clapham. 1996. AIDS: hot fusion of HIV. Nature 
(London) 381:647-648. 



Journal of Virology, Oct. 1994, p. 6684-6689 
0022-538X/94/$04.00+0 

Copyright © 1994, American Society for Microbiology 



Vol. 68, No. 10 



Dual Tropism for Macrophages and Lymphocytes Is a Common 
Feature of Primary Human Immunodeficiency 
Virus Type 1 and 2 Isolates 

ANTONIO VALENTIN, J f JAN ALBERT, 2 * EVA MARIA FENYO, 1 and BIRGITTA ASJO 1 * 

Department of Virology, Karolinska Institute, S-171 77 Stockholm, 1 and Department of Clinical Virology, 
Swedish Institute for Infectious Disease ControllKarolinska Institute, S-I05 21 Stockholm, 2 Sweden 

Received 28 April 1994/Accepted 13 July 1994 

We have investigated the ability of human immunodeficiency virus type 1 (HIV-1) and HIV- 2 isolates to 
infect and replicate in primary human macrophages. Monocytes from blood donors were allowed to 
differentiate into macrophages by culture in the presence of autologous lymphocytes and human serum for 5 
days before infection. A panel of 70 HIV-1 and 12 HIV-2 isolates were recovered from seropositive individuals 
with different severities of HTV infection. A majority of isolates (55 HIV-1 and all HIV-2) were obtained from 
peripheral blood mononuclear cells, but isolates from cerebrospinal fluid, monocytes, brain tissue, plasma, and 
purified CD4 + lymphocytes were also included. All isolates were able to infect monoeyte-derived macrophages, 
even though the replica tive capacity of the isolates varied. Interestingly, isolates with a rapid/high, 
syncytium-inducing phenotype did not differ from slow/low, non-syncytium-inducing isolates in their ability to 
replicate in monocyte-derived macrophages. Others have reported that rapid/high, syncytium-inducing isolates 
have a reduced ability to infect and replicate in monocytes. However, different methods to isolate and culture 
the monocytes/macrophages were used in these studies and our study. Thus, the ability of HTV isolates to 
replicate in monocytes/macrophages appears to be strongly influenced by the isolation and culture procedures. 
It remains to be determined which culture procedure is more relevant for the in vivo situation. 



Human immunodeficiency virus (HIV) isolates vary in bio- 
logical properties such as host range, replicative rate, and 
capacity to induce cytopathic changes. These biological prop- 
erties correlate with the severity of HIV infection (3, 6, 9, 30). 
HIV isolates from individuals with mild or no symptoms 
usually lack the capacity to grow in established cell lines and 
induce only small or no syncytia; such isolates have been called 
slow/low (3, 9) or non-syncytium inducing (30). In contrast, 
many HIV isolates from patients with severe immunodefi- 
ciency can replicate in CD4 + cell lines and induce large 
syncytia in culture; these isolates are referred to as rapid/high 
(3, 9) or syncytium inducing (30). Furthermore, it has been 
proposed that HIV variants can be distinguished according to 
their capacity to infect primary mononuclear phagocytes or 
T-helper lymphocytes (5, 14, 28, 34). Some HIV variants were 
shown to lack the capacity to infect monocyte-derived macro- 
phages (MDM), while others were found to be dually tropic for 
both T lymphocytes and mononuclear phagocytes (14, 34). 
Passage of HIV isolates through phytohemagglutinin (PHA)- 
P-stimulated peripheral blood lymphocytes (PBL) yielded 
progeny virus unable to infect MDM (14). Monocytotropic 
HIV variants have been reported to have a non-syncytium- 
inducing phenotype and thus lack the capacity both to replicate 
in T-cell lines and to induce syncytia in primary lymphocyte 
cultures (28). In contrast, results obtained by other groups, 
including ours, suggest that tropism for mononuclear phago- 
cytes is a general property of all primary HIV type 1 (HIV-1) 
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isolates (7, 13, 31, 32) and that repeated passage of an HIV-1 
isolate through PBL does not alter its capacity to infect MDM 
(13). 

Differences in replicative capacity in MDM have been 
suggested to be an important selective factor during transmis- 
sion of HIV-1 (36). Thus, it is of great importance to clarify if 
certain HIV-1 variants lack the ability to infect mononuclear 
phagocytes. In this study, we have tested the ability of a panel 
of well-characterized HIV-1 and HIV-2 isolates to replicate in 
MDM that were obtained from peripheral blood mononuclear 
cells (PBMC) by plastic adherence for 5 days in the presence of 
autologous lymphocytes and human serum. In addition, we 
investigated if the tropism of HIV for MDM is related to other 
biological properties, such as cytopathicity or replicative ca- 
pacity in established cell lines. Our results show that all HIV 
isolates can infect and replicate in primary mononuclear 
phagocytes, regardless of differences in biological phenotype. 

MATERIALS AND METHODS 

Cells. MDM were prepared from heparinized venous blood 
from healthy HIV-negative donors by plastic adherence for 5 
days according to the method of Gartner et al. (12). Briefly, 
PBMC obtained by Ficoll-Hypaque (Pharmacia, Uppsala, Swe- 
den) separation were washed five times with phosphate-buff- 
ered saline (PBS) (the last wash was made at 800 rpm to 
remove platelets). PBMC were seeded in 25-cm 2 tissue culture 
flasks (25 X 10 6 PBMC) or in 9-cm 2 tissue culture slide flasks 
(9 X 10 6 PBMC) in the presence of RPMI 1640 culture 
medium (Gibco Laboratories, Grand Island, N.Y.) supple- 
mented with L-glutamine, penicillin (50 U/ml), streptomycin 
(50 u.g/ml), 20% heat-inactivated fetal calf serum, and 10% 
heat-inactivated pooled human HIV-1 -negative serum; PBMC 
were cultured at 37°C in 5% C0 2 . Five days after initiation of 
the cultures, nonadherent cells were removed by rinsing the 
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cultures three times with PBS. Adherent cells were grown in 
the same medium without HIV-1 -negative serum. The cells 
obtained by this method are esterase positive and trypsin 
resistant and show a typical monocyte/macrophage phenotype, 
with expression of receptors for the Fc fragment of immuno- 
globulin G, complement receptors, and CD 14, a marker for 
monocytes among the mononuclear cell population (12). No 
cells positive for CD2 or CD3 were present in the cultures. 

PBL were obtained from PBMC from healthy blood donors 
by stimulation for 3 days with 2.5 u,g of PHA per ml. PBL were 
cultured in RPMI medium containing 10% fetal calf serum, 
interleukin-2, and antibiotics as previously described (1). Pu- 
rified CD4 + lymphocytes were obtained from PBMC by the 
use of magnetic beads (Dynal, Oslo, Norway) coated with a 
monoclonal antibody against CD4 (4). The cells were kindly 
provided by J. Brinchmann at the Institute of Transplantation 
Immunology, National Hospital, Oslo, Norway. The human 
monocytoid cell line U937 and the human T-cell line CEM 
were cultured in RPMI medium supplemented with 10% fetal 
calf serum, L-glutamine, and antibiotics. 

Viruses. A panel of 70 HIV-1 and 12 HIV-2 primary isolates 
was used. All HIV-2 and 55 HIV-1 isolates were obtained by 
cocultivation of patients' PBMC with PHA-stimulated PBL 
from uninfected donors as described previously (1,2). Remain- 
ing HIV-1 isolates were obtained from the following sources: 
two from cerebrospinal fluid (recovered in PBL), three from 
patients' monocytes, two from brain tissue (recovered in PBL), 
four from plasma (two recovered in PBL and two recovered in 
MDM), and four directly isolated from purified CD4 + T 
lymphocytes (two in the absence and two in the presence of the 
patients' own CDS'*' cells) (4). The latter four isolates were 
kindly provided by J. Brinchmann. Sixteen HIV-1 isolates were 
obtained from asymptomatic individuals, 11 were obtained 
from patients with persistent generalized lymphadenopathy, 17 
were obtained from patients with AIDS-related complex or 
constitutional disease, and 10 were obtained from patients with 
AIDS. The clinical stage of the remaining 16 patients (some of 
them children from the former USSR accidentally infected 
with HIV-l-contaminated needles) was unknown. In the case 
of HIV-2 isolates, three isolates were from asymptomatic 
individuals, two were from patients suffering from severe 
asthenia, two were from patients with tuberculosis or pulmo- 
nary disease, and five were from patients with AIDS according 
to the Bangui criteria. A majority of the isolates used in the 
study have been biologically characterized (2, 9): 22 HIV-1 and 
4 HIV-2 isolates grow well in human cell lines and induce 
syncytia (rapid/high phenotype), whereas 39 HIV-1 and 8 
HIV-2 isolates lack the capacity to continuously replicate in 
established cell lines and induce no syncytia (slow/low pheno- 
type). 

HIV infection. The MDM cultures were infected 7 days after 
initiation. Prior to infection, the MDM were washed once with 
PBS. In addition, in the experiments with the laboratory strains 
IIIB and BaL, the cells had been vigorously trypsinized 5 days 
after initiation of the cultures (2 days before infection). Virus 
inocula for all infections ranged between 3 x 10 4 and 5 x 10 4 
cpm of reverse transcriptase (RT) activity. After addition of 
the virus, the cells were incubated overnight at 37°C in 5% 
C0 2 . The next day, the cells were washed two or three times 
with PBS and once with RPMI 1640 to remove unadsorbed 
virus, and fresh medium was added. The culture medium was 
changed once weekly in the MDM cultures and twice weekly in 
the PBL and cell line cultures; the latter were also split when 
required. Supernatants were stored for determinations of RT 
activity and levels of p24 antigen. If the cultures were negative 
by RT assay and p24 antigen assay after 4 weeks, attempts were 



made to rescue virus production by adding 10 x 10 6 PHA- 
stimulated blood donor PBL to the cultures. 

RT assay. For the RT assay, 1.0 ml of cell-free culture 
supernatant was collected and centrifuged (15,000 x g, 1 h) 
(29). The pellet was resuspended in 100 uJ of lysis buffer 
containing 0.3% Triton X-100, 75 u,M Tris-HCl (pH 8.0), 50 
mM KCI, and 6 mM dithiothreitol. Fifty microliters of this 
mixture was analyzed. The RT reaction mixture (100 p.1) 
contained 75 u.M Tris-HCl (pH 8.0), 50 mM KCI, 6 mM 
dithiothreitol, 6 mM MgCI 2 , 100 u.g of bovine serum albumin 
per ml, 2.5 \x.% of oligo(dT) 12 _ 14 (Pharmacia) per ml, 2.0 u,g of 
poly(A) (Pharmacia) per ml, and 25 u,Ci of [ HJdTTP per ml 
(50 Ci/mmol; DuPont). Cultures were considered RT positive 
if two consecutive samples gave RT assay values above the 
background (>3,000 cpm). 

HIV antigen assay. HIV-1 p24 antigen levels were deter- 
mined by an in-house enzyme-linked immunosorbent assay 
(ELISA) (29) as previously described. Microliter plates (Nunc 
I, Roskilde, Denmark) were coated with immunoglobulins (20 
M-g/ml) prepared from the serum of an asymptomatic HIV-1- 
infected person with high levels of anti-HIV-1 antibodies. Two 
mouse monoclonal antibodies reacting with different epitopes 
of the HIV-1 p24 antigen were used as tracing antibodies. The 
tracing antibodies had been directly conjugated to horseradish 
peroxidase. The detection limit of the p24 antigen assay is 50 to 
100 pg of p24 antigen per ml (29). The sensitivity of the RT 
assay has been shown to be 5 to 10 times lower than that of the 
p24 antigen assay (29). Cultures were considered HIV antigen 
positive if two consecutive samples gave increasing absorbance 
values above the background (A 490 > 0.3). HIV-2 antigen 
samples were assayed by a commercial HIV-1 antigen ELISA 
(Abbott) which cross-reacts with HIV-2. 

RESULTS 

Infection of MDM with HIV isolates. MDM were infected 
with a panel of well-characterized HIV isolates obtained from 
patients with different severities of HIV infection and from 
different tissue and cell origins. Sixty HIV-1 and 9 HIV-2 
isolates were primary isolates, whereas 10 HIV-1 and 3 HIV-2 
isolates had been passaged in PHA-stimulated PBL. Virus 
replication was monitored by RT activity and the presence of 
p24 antigen in culture supernatants. In two cultures, which did 
not show any detectable virus production, PHA-stimulated 
PBL were added to the MDM cultures after 4 weeks. As shown 
in Table 1, all HIV isolates could infect the MDM cultures, 
even if they had been previously passaged in PBL. However, 
the rates of replication varied among the isolates. Virus 
production could be demonstrated by RT activity in superna- 
tants of 52 cultures and by the more sensitive p24 antigen assay 
in an additional 28 cultures. Only two MDM cultures were 
negative by both assays, but virus infection could also be 
demonstrated in these two cultures by cocultivation with PBL. 

The ability of the isolates to replicate in MDM was analyzed 
semiquantitatively by dividing them into two groups: isolates 
that were positive by RT assay and isolates that were positive 
only by the more sensitive p24 antigen assay and coculture 
techniques. Interestingly, there were no significant differences 
in the replicative capacities in MDM between HIV isolates 
with a slow/low phenotype (31 of 47 RT-positive cultures) and 
isolates with a rapid/high phenotype (15 of 26 RT-positive 
cultures) (x 2 = 0.2, not significant) (Table 2). Similarly, 
replicative capacities of isolates obtained from patients with 
mild or no symptoms did not differ significantly (23 of 32 
RT-positive cultures) from those of isolates derived from 
patients with more severe disease (18 of 34 RT-positive 
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TABLE 1. Infection of MDM by primary HIV isolates 
and PBL-passaged viruses 

No. of positive cultures detected by: Total no 
RT assay p24 assay" Cocultivation* positive 



HIV-1 

Primary isolates 35 23 2 60 

PBL passaged 9 1 10 

HIV-2 

Primary isolates 5 4 9 

PBL passaged 3 3 

Total 52 28 2 82 



° Number of HIV isolates in which virus replication was detected by the p24 
antigen ELISA but not by the less sensitive RT assay. 

b Number of HIV isolates in which virus replication was detected by coculti- 
vation with PHA-stimulated PBL but not by the less sensitive RT assay or by the 
p24 antigen EUSA. 



cultures) (x 2 = 1.77, not significant) (data not shown). It is 
noteworthy that infection with most of the PBL-passaged 
isolates (12 of 13) could be detected by RT activity in culture 
supernatant, while this was the case for only 40 of 69 primary 
isolates. 

MDM infection with HIV isolates from purified CD4~*~ 
lymphocytes. Next we investigated if HIV isolates obtained 
from purified T-helper lymphocytes and selectively passaged in 
this cell type retained the capacity to infect and replicate in 
human mononuclear phagocytes. These isolates were passaged 
four times in monocyte-free CD4 lymphocytes purified from 
blood donors. Biological characterization of these viruses 
demonstrated that isolates 1 and 2 have a slow/low phenotype 
and isolates 3 and 4 have rapid/high properties (data not 
shown). All isolates could infect and replicate in MDM (Table 
3). There were no significant differences in replication kinetics 
among the isolates, except that isolate 4 was positive only by 
p24 antigen assay 3 weeks after infection. 

MDM infection with HIV-l mB and HIV-l BaL . In the litera- 
ture, there are conflicting data about the capacity of HIV-1 IIIB 
to infect human mononuclear phagocytes (15, 19, 28). There- 
fore, we compared the capacities of HIV-1 IIIB and HIV-Ib^ 



TABLE 2. Infection of MDM by HIV isolates with 
different biological properties 



Virus 


No. of positive cultures detected by: 


Total no. 


RT assay" 


p24 assay 6 


Cocultivation' 


positive 


Slow/low 
HIV-1 
HIV-2 


26 
5 


11 
3 


2 


39 
8 


Rapid/high 
HIV-1 
HIV-2 


12 
3 


10 
1 




22 
4 


Total 


46 


25 


2 


73 



* Number of HIV isolates that replicated to high levels in MDM as detected 
by RT activity in culture supernatant. The implicative capacities of the different 
isolates varied but with no significant differences ' between HTV-1 and HIV-2 
isolates. The mean value for maximal RT activity for slow/low isolates was 73 x 
10 3 cpm/ml, with a range from 520 x 10 3 to 8 x 10 3 cpm/ml. In the case of 
rapid/high isolates, the mean was 67 x 10 3 cpm/ml, and the range was from 
206 x 10 3 to 8 X 10 3 cpm/ml. 

b See footnote a in Table 1. 

c See footnote b in Table 1. 



TABLE 3. Replication of CD 4* lymphocyte-derived 
HIV-1 isolates in MDM 



Virus 




RT activity (10 3 cpm/ml) 




Day 7 


Day 14 


Day 21 


1 


96 


135 


85 


2 


78 


87 


94 


3 


43 


67 


38 


4 


32 


17 


a 



a : — , a value lower than five times the background level (0.5 x 10 3 cpm/ml). 
This culture was positive for p24 antigen (10 ng/ml). 



to infect and replicate in MDM and PHA-stimulated PBMC. 
Stocks of both viruses were serially diluted (10-fold) in RPMI 
1640 culture medium. Table 4 shows that HIV-l BaL replicated 
to higher levels than HIV-1 IIIB in MDM but the end-point 
dilution for a productive infection of MDM was the same for 
both viruses in two independent experiments and one step 
lower for HTV-l BaL in a third experiment (data not shown). 
We also tested if HIV-1 IIIB passaged in PBL or cell lines (H9 
and Jurkat) differed in the ability to infect human macro- 
phages. MDM were infected with 4 X 10 4 cpm of RT activity 
of HIV-1, 1IB obtained from PBL and H9 and Jurkat cells. In 
our hands, all three HIV-1 IIIB stocks could infect and replicate 
in MDM irrespective of the cellular origin (data not shown). In 
order to exclude cross-contamination of the HIV-l, IIB -infected 
MDM cultures, we determined the RNA sequence of virus 
particles produced by a MDM culture infected by HIV-1 I1IB 
derived from PBL. Thus, virion-associated RNA was extracted, 
reverse transcribed into cDNA, PCR amplified, and sequenced 
by previously described methods (25). As expected, the V3 
loop sequence of the virus produced by the HTV-l IIIB -infected 
MDM culture was identical to the published sequence of this 
virus isolate (data not shown). 

Biological characterization of HIV strains after passage in 
PBL and MDM cultures. HIV-1 has been reported to consist 



TABLE 4. Infection of MDM and PBL with serial dilutions 
of HIV-1 IIIB and HIV^.- 



PBL MDM 

Strain and 

dilution Max RT activity Max RT activity 

(10 s cpm/ml) P (10 3 cpm/ml) 



IIIB 










None 


560 




43 




HT 1 


222 




34 




lO" 2 


148 




14 




1(T* 


112 




7 




10" 4 


66 




e 


+ 


lO" 5 


54 








10" 6 










BaL 










None 


119 




201 




10" 1 


103 




179 




lO" 2 


106 




66 




lO" 3 


37 




19 




lO" 4 


26 




12 




lO" 5 








+ 


ur 6 











• MDM and PBL were infected with serial 10-fold dilutions of supematants 
containing 100 x 10 3 cpm of RT activity of HIV-1 IlIB and HIV^ per ml. 

* Only cultures considered negative for RT activity were tested for the 
presence of the p24 antigen by ELISA. 

c — , a value considered negative for RT activity. 
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TABLE 5. Biological characterization of HIV strains 
after passage in PBL and MDM 


Passage cell type 




Max RT activity (10 3 cpm/m!) in: 




and virus 4 


PBL 


U937 


CEM 


PBL 








iiib 


60S 


413 


167 


A692 


1,018 


238 


4 


6669 


417 


29 


t 


MDM 








IIIB 


650 


460 


83 


A692 


397 


93 


7 


6669 


387 


376 





° The infectious supematants used is these experiments were obtained after in 
vitro propagation of the different HIV strains in PBL and MDM. Syncytium 
formation, which was observed in all strains regardless of passage cell type, was 
evaluated in PBL cultures. 

* — , a value considered negative for RT activity. 



of a mixture of variants with different biological properties 
(27); therefore, it is conceivable that passage of an HIV isolate 
in MDM may select for a minor virus population with proper- 
ties distinct from those of the original isolate. To test this 
possibility, PHA-stimulated PBL and MDM were infected in 
parallel with three HIV strains (HIV-l niB , HIV-1^ 692 , and 
HTV-2SBL6669) which all replicate in CD4 + cell lines and 
induce syncytium formation. Progeny virus from these cultures 
were used as cell-free supernatant to infect PBL, the monocy- 
toid cell line U937, and the T-cell line CEM. Results from 
these experiments are shown in Table 5. Phenotypical changes 
were not observed for any of the HIV strains after in vitro 
passage in MDM or PBL. All three strains were also still able 
to replicate in cell lines and induce syncytium formation after 
passage in MDM. 

DISCUSSION 

The major targets for HIV infection are bone marrow- 
derived cells expressing CD4 on their surfaces. HIV infection 
in vivo has been demonstrated in T-helper lymphocytes (17) 
and mononuclear phagocytes (8, 18, 22, 23, 35). However, 
there is considerable controversy about whether all or only 
certain HIV isolates have the ability to replicate in monocytes/ 
macrophages (5, 7, 13, 14, 28, 31, 32, 34). For this reason and 
since monocytes/macrophages are the main target cells for 
other lentiviruses (20), we systematically investigated the ca- 
pacity of well-characterized HIV-1 and HTV-2 isolates to infect 
and replicate in primary human MDM. The MDM were 
derived from blood donor PBMC by plastic adherence for 5 
days in the presence of autologous lymphocytes and human 
serum. Our results show that all HIV isolates could infect these 
cells, although the levels of replication varied. 

As indicated above, several authors have previously reported 
that only certain HIV-1 isolates can productively infect mono- 
cytes/macrophages (5, 14, 28, 34). Thus, Schuitemaker et al. 
(28) reported that most syncytium-inducing HTV isolates do 
not replicate in macrophages. Furthermore, Gendelman et al. 
(14) reported that serial passage of an HTV isolate in PBL 
selects for virus variants lacking the capacity to infect mono- 
nuclear phagocytes. In contrast, other groups, including ours, 
have found that all HIV-1 isolates can productively infect 
MDM (7, 13, 31, 32). In this study, we have directly tested if the 
biological phenotype and passage history of HIV isolates 
influence the ability to replicate in MDM. In contrast to 



Schuitemaker et al. (28) and Gendelman et al. (14), we found 
that isolates with a rapid/high, syncytium-inducing phenotype 
can infect and replicate in MDM and that the biological 
phenotype of HTV isolates remains unchanged after passage in 
MDM and purified CD4 + lymphocytes. In support of our 
findings, Connor et al. (7) recently reported that all 28 HTV-1 
isolates sequentially obtained from four individuals replicated 
in macrophages, despite differences in their ability to replicate 
in tumor cell lines. Similarly, Gartner and Popovic (13) re- 
ported that repeated passage of an HIV-1 isolate through 
MDM does not generally result in the loss of the ability to 
infect normal T cells. In agreement with results from earlier 
reports, our results were that the BaL isolate of HIV-1 differed 
from the IIIB isolate in that it replicated to higher titers on 
MDM than on PBL (12, 28). 

The seemingly conflicting data on the ability of HIV-1 
isolates to replicate in monocytes/macrophages are probably 
due to technical differences in the methods used to isolate and 
cultivate the macrophages and monocytes. Gendelman et al. 
(14) and Schuitemaker et al. (28) isolated blood monocytes by 
countercurrent centrifugal elutriation and cultured the cells in 
the presence of macrophage colony-stimulating factor, a cyto- 
kine that induces maturation of monocytes into macrophages. 
In contrast, we isolated the cells by adherence to plastic, and 
the differentiation process of the monocytes took place in the 
presence of autologous lymphocytes and human serum over 5 
days. Several investigators have shown that the susceptibility of 
macrophages to HTV infection is greatly influenced by their 
stage of differentiation (21, 26, 33). It is of special interest that 
Schrier et al. (26) showed that efficient virus expression in 
monocyte cultures from HTV- 1 -infected individuals is depen- 
dent on the presence of lymphocytes during the first 24 h of 
culture. Similarly, Ibanez et al. (16) found that productive 
infection of MDM with human cytomegalovirus is dependent 
on in vitro maturation of the blood monocytes in the presence 
of stimulated lymphocytes. Thus, in view of the importance of 
the stage of differentiation of monocytes/macrophages, it is not 
surprising that different isolation and culture procedures may 
give seemingly contradictory results on the susceptibility of 
monocytes/macrophages to HIV infection. 

Mononuclear phagocytes have been implicated as the pri- 
mary target for HTV infection and may also be of importance 
as a site for persistence and dissemination of the infection (13). 
Furthermore, authors who have reported that only non-syncy- 
tium-inducing HTV-1 variants are capable of infecting mono- 
cytes/macrophages have suggested that these variants have an 
essential role during transmission and persistence of HIV-1 
(28, 36). However, the present study reemphasizes that such 
speculations may be premature. It is clear that the ability of 
individual HTV-1 isolates to replicate in monocytes/macro- 
phages is dependent on how the cells are cultured, but at 
present it is not clear which culture technique is more repre- 
sentative of the in vivo situation. However, it is likely that a 
significant proportion of the monocytic phagocytes in an 
infected individual will be susceptible to infection by rapid/ 
high, syncytium-inducing HIV-1 variants at any given time. In 
accordance with this, we have found that rapid/high, syncy- 
tium-inducing HTV-1 variants can be transmitted both sexually 
and from mother to child (10, 25). 

In conclusion, we have demonstrated that HIV-1 isolates 
can infect both mononuclear phagocytes and lymphocytes, 
irrespective of the biological phenotype and passage history of 
the isolate. The differences between these results and certain 
previously published studies are likely to be due to technical 
differences in how the monocytes/macrophages were isolated 
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and cultured. It remains to be determined which culture 
procedure is more relevant for the in vivo situation. 
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